Abstract-Millimeter wave High Impedance Surfaces (HIS) based antennas are designed, fabricated, and characterized for high data rate communications at frequencies around 40 GHz.
INTRODUCTION
The millimeter-wave length high bit rate communications concern a large domain of the modern applications such as the radio frequency modules dedicated to the Hertzian infrastructures, wireless stations, automotive radar and 2/3/4G cellular mobile [1] [2] [3] [4] [5] . Recent researches in the field of metamaterials have led to the development of promising new microwave and millimeter-wave devices which are crucial in designing high bit rate communication systems. Several industrial and academic research laboratories and world class clusters (such as the French "System@tic" cluster) have developed considerable programs to design new types of electromagnetic components and devices based on metamaterials.
It is known that the microstrip antennas radiate into the free space but also excite the undesirable surface wave (SW) modes [6, 7] . For substrates of finite size, the surface wave fields will diffract from the edges of the substrate and degrade the overall performances of the antennas [6, 7] . To prohibit the propagation of electromagnetic waves at certain frequencies, Sievenpiper et al. have developed the High Impedance Surfaces (HIS) which represent a type of electromagnetic band gap (EBG) material [8, 9] . HIS are usually composed of a periodic pattern of various metallization all connected to the ground plane by metal vias. The fundamental new electromagnetic properties of the HIS [8] [9] [10] are now intensively used in the antenna and filter applications [11] [12] [13] [14] . These properties allow the HIS to operate as a magnetic wall in front of an incident wave because they have very high surface impedance within the HIS resonant band [8] [9] [10] . This allows the antenna to lie directly adjacent to the ground plane without being shorted out. This leads to low profile antenna designs where the radiating elements are restricted to limited spaces [15] [16] [17] [18] . These properties also allow the HIS to have a forbidden frequency band over which neither surface waves nor currents can propagate [8] [9] [10] 16] . The HIS work as EM barriers used to partially isolate the radiating elements from their proper excited SWs which diffract from the edges of the substrate of finite size and from the nearby electromagnetic surroundings [2, 3, 13, 14] . This leads to reducing the near field behind the antenna, resulting in a general increase of the antenna efficiency without any bandwidth reduction [17, 18] .
In this paper, we present mushroom-like HIS structures implemented into several microstrip antenna designs. The microstrip patch antenna is surrounded by a limited number of rows (N -Layer) of HIS unit cells. The HIS based antenna is designed for high data rate communications and operates at a frequency of 40 GHz. HIS based antenna prototypes with different sizes have been fabricated and characterized to study the effects of the HIS size on the antenna's performances. The return loss, bandwidth and radiation patterns of the HIS based antennas are compared to the conventional design in order to appreciate the benefits of HIS.
HIGH IMPEDANCE SURFACE DESIGN

HIS with Infinite Periodic Size
The high-impedance electromagnetic surface studied here is the mushroom-like structure shown in Figure 1(a) . The unit cell is composed of a metallic patch connected to the ground plane with a metallic via. It is defined as in Sivenpiper's work [8, 9] . In EM simulator CST, the unit mushroom-like cell is simulated using boundary conditions on the four sides to ensure an infinite periodicity in the horizontal plane. The period of the HIS is 1054 µm. The gap width between the patches is 157 µm. The metal plated vias have a diameter of 200 µm. The patches are separated from the metallic ground plane layer by a 510 µm thick Duroïd substrate (Rogers 4003: ε r = 3.58 and tan δ = 0.002). The calculated reflection coefficient of the infinite size HIS array under normal incidences is presented in Figure 1 (b). The reflection phase varies continuously from +180 • to −180 • and crosses zero at the resonance frequency of 40 GHz. At this frequency, the reflector losses are ∼ − 0.12 dB, and the surface impedance is high. The bandwidth is of 42% and centred at 40 GHz. The resonant HIS surface can be modeled by an equivalent LC circuit [8, 9] where the fringing electric fields between adjacent patches produce capacitances, while the vias form inductances. The high-impedance properties occur near the resonance frequency given Figure 2 depicts the dispersion diagram of the infinite mushroomlike HIS which allows us to deduce the characteristics of the propagating waves and the electromagnetic band gap. Bound surface waves occupy the region below the light lines. Below the resonance frequency, the HIS supports propagating TM surface waves. Above this frequency, it supports propagating TE surface waves. The surface wave band gap is observed between 31.3 GHz (TM mode edge) and 59.8 GHz (TE mode edge). Within this range, no EM polarization produces significant transmission. Above the light lines, in a limited frequency range starting from 43.3 GHz, TE modes leaky waves exist and can radiate efficiently into the free space. 
HIS with Finite Size N-unit Periodic Cells
We have investigated the surface wave band gap of an HIS composed by a limited number of unit cells. The choice of a sufficient unit cell number (the smaller) is important to designing compact structure antennas. Figure 3 depicts the TEM waveguide setup [10, 11] utilized to determine the transmission and the reflection parameters of the finite size HIS array. The HIS is implemented inside the wave guide as seen in Figure 3 . Herein, this number is varied from 1 to 6. In this configuration the HIS is supposed to be periodic and infinite in the oy direction and finite and composed by N unit cells in the oz direction of the propagation (Figure 3) . The waveguide has perfect electric conductor (PEC) boundary conditions for the two parallel horizontal sides and perfect magnetic conductor (PMC) for the other two sides.
We have used the 3D EM simulator CST Microwave Studio to simulate the magnitude of transmission coefficients for N varying up to 6 (Figure 4) . The strong modifications of the band gap shape both in width and depth demonstrate the influence of the HIS unit cell number. The band gap is enlarged with N and becomes stable for N ≥ 6 [10, 11] . An attenuation of the transmission below −30 dB is obtained only for N ≥ 3. Table 1 gives the band gap width obtained for N = 3 to 6 under the criteria S 21 (dB) below −30 dB. For N = 2, the transmission curve is under −20 dB over a wide frequency range of 33-59 GHz. This result is coherent with the band gap width of the infinite size HIS determined from the dispersion curve (Figure 2 ). When we compare the different cases of Figure 4 , particularly around the operational frequency of 40 GHz, the difference between the cases N = 2 and N = 3 is more important than that between N = 1 and N = 2 and that between N = 3 and N = 4. It appears very interesting to study the influence of limited number N on the overall antenna performances, particularly for the configurations N = 2 and N = 3. It is the reason that we realized and characterized two prototype antennas with finite size HIS array, N = 2 and N = 3. Figure 6 (a) give a gain of ∼ 5 dB in both E-and H-planes in the forward direction with some ripples and a significant radiation in the backward direction. The pattern is not rotationally symmetric for E and H planes and seems to be much thinner in the H plane. The measurements of Figure 6 (b) show a quasi identical omnidirectional radiation patterns in both E and H planes. The measured gains at 39 GHz are respectively ∼ 4.7 dB and ∼ 4 dB. The distance between the antenna radiating element and HIS layers is optimized to achieve the best antenna return loss with identical patch elements. In this configuration, the exiting surface waves which diffract and radiate from the edges of the finite substrate are suppressed by the HIS [6-9, 10, 11] . This decreases the ripples and the backward in the antenna radiation patterns. Figures 8(a) and 8(b) show the calculated and measured return losses (S 11 ) of the HIS based antenna prototypes and in comparison, those of the conventional antenna. When the antenna is surrounded by the HIS layers, it offers higher bandwidth. Compared to the measurements, the simulations show that the resonance frequency shifts slightly to higher frequencies. The measurement results show a unique 39.5 GHz resonance frequency for the three prototypes. A better antenna matching is obtained with the 3 HIS layers.
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(a) (b) Figure 8 . Comparison of the FDTD calculated (a) and the measured (b) antenna return loss (S 11 ) of the prototype antennas.
The measured bandwidth is of ∼ 12% from 38 to 42 GHz for the conventional patch antenna, of ∼ 13% from 37.5 to 43 GHz for the 2 HIS layers and of ∼15% from 37.2 to 43 GHz for the last 3-layer HIS prototype antenna.
To understand the role of the HIS, we come back to Figure 4 which shows the sensitivity of the bandgap with the number of elementary cell layers surrounding the antenna. For each additional layer, the band gap expands and its attenuation becomes more important. The reflection coefficients of HIS based antennas using 4-Layer and 5-Layer are simulated for the same patch element. In comparison to the 3-Layer case, there is no significant difference in the bandwidth (below −10 dB) and on the resonance frequency. Moreover, the 4-Layer S 11 response is the same as that obtained for the 3-Layer. A better adaptation is observed for the 5-Layer case. The criterion seems to be rather the achieved attenuation within the band gap of the N unit cell HIS. The 2-layer structure achieves a theoretical attenuation of −20 dB around 40 GHz, and this is insufficient to improve the matching of the antenna but helps to increase its bandwidth to ∼ 13%. The 3-layer structure makes a theoretical attenuation of −30 dB over a wide band around 40 GHz. The surface currents are efficiently attenuated. This contributes to improve the adaptation and the antenna bandwidth to ∼ 15%.
The antenna radiation patterns are measured at the resonance frequency for the three prototypes in E and H planes (Figure 9) . The level at boresight is slightly higher for the 3-Layer HIS. Since the radiation patterns are measured only from −90 to 90 deg, the backward radiation patterns are not shown in the Figure 9 . To show the surface wave suppression effect, we have calculated the near field around the patch antenna for the 3-layer HIS design. Figure 10 shows the electric field distribution. For the HIS based antenna, the induced currents are restricted to a localized region around the patch antenna. They never reach the edges of the finite substrate. The surface wave suppression gives a higher radiation level at boresight ( Figure 9 ). Figure 11 depicts the radiation patterns of the 3-Layer antennas measured in the E plane for the principal (co) polarization in the frequency range of 38-45 GHz. The results demonstrate a large bandwidth around 15% between 38 and 44 GHz with a gain of ∼ 5 dB.
The cross-polar patterns of the antennas are plotted in Figure 12 at their respective resonance frequency. The cross-polarization levels are lower on the radiation patterns of the HIS based antennas. The measured data show that the cross-polarized wave is suppressed by using the HIS. In particular, the cross-polarization levels at the ±90 deg direction are 7 dB lower than in the conventional antenna configuration. 
CONCLUSION
40 GHz-Antenna prototypes have been investigated for high data rate communications. Millimeter wave High Impedance Surfaces (HIS) with finite area sizes are used to control the near field distributions. The return loss and radiation patterns have been analyzed for each prototype using numerical simulations and measurements. The obtained results demonstrate the effect of the HIS on the antenna performances. With the 3-layer HIS based antenna, a large bandwidth of ≈ 15% is achieved around 40 GHz with a high gain of ∼5-6 dB and a significant reduction of the cross polarization radiation patterns.
